. Once loaded onto RNAi effector complexes, the miRNA sequence allows the RNAi complex to base-pair with target mRNAs, but unlike siRNAs, the miRNA sequence often presents several mismatches with its target. Moreover, for most of the organisms studied, the miRNA induces a silencing at the posttranscriptional level in the cytoplasm that consists in inhibiting translation, whereas siRNAs can act in the nucleus directly on the gene. PiRNAs have been discovered more recently (Aravin et al., 2007) . Their generation does not depend on Dicer, they have a longer average size of 28 to 33 nucleotides and, conversely to siRNAs and miRNAs that bind proteins from the Argonaute clade, piRNAs bind Piwi clade proteins. It is becoming clear that piRNAs play an important role in limiting the mobility of transposons in germline cells (Aravin et al., 2007) . Although animals contain both siRNAs and piRNAs, other organisms like fission yeast and plants appear to only produce siRNAs and do not express Argonaute proteins from the Piwi clade.
Here, we focus on the mechanisms and functions of siRNAmediated chromatin modifications observed mainly in fission yeast, plants and animals. The role of siRNAs and new RNAi complexes in heterochromatin formation, as well as the unexpected implication of RNA polymerase II (RNApII) transcription are first reviewed in fission yeast. Through the description of plant RNA-directed DNA methylation (RdDM) and mammalian siRNA-directed transcriptional gene silencing (TGS), we then point out similarities between these siRNA-dependent chromatin modification pathways. We also discuss the known and possible functions of these pathways, some of which have important developmental roles.
Nuclear siRNA-dependent gene silencing
SiRNA-dependent pathways can act in the nucleus and the cytoplasm by mediating, respectively, TGS and post-transcriptional gene silencing (PTGS). In both situations, a similar set of steps is engaged from the activation of the pathway to the siRNAdependent silencing of gene expression (Fig. 1) . SiRNA-mediated silencing pathways are activated by double-stranded RNAs that are processed into siRNAs by Dicer, a type III ribonuclease. SiRNAs are then incorporated onto RNAi effector complexes that use the siRNA sequence as a specificity determinant to associate only with complementary RNA. The RNAi-Induced Silencing Complex (RISC) and the RNAi-Induced Transcriptional Silencing (RITS) complex mediate, respectively, siRNA-dependent PTGS and TGS. Both type of complexes contain an Argonaute protein but, conversely to RISC, RITS appears to localize exclusively in the nucleus and to contain at least one chromatin-binding module, the chromodomain (Fig. 1) . Once a perfect match occurs between the siRNA and a targeted RNA, the latter is cleaved. In fission yeast, Neurospora crassa, Caenorhabditis elegans and plants, RNAdirected RNA polymerases (RDR) amplify this silencing response by using the target RNA as a template to synthesize more dsRNAs that fuel the siRNA pathway and amplify the siRNA-mediated silencing. Fly and vertebrate genomes do not possess genes encoding proteins homologous to RDRs, indicating that these organisms might do without this RDR amplification step. Another major distinction between nuclear and cytoplasmic siRNA-mediated silencing pathways is that in the first instance siRNAs can trigger a long term and heritable gene silencing which is maintained in an epigenetic fashion.
Fission yeast siRNA-dependent heterochromatin formation

Conserved proteins and post-translational modifications in heterochromatin formation
Fission yeast has proven to be a powerful biological system to B A
Fig. 1. (A)
Post-transcriptional and (B) transcriptional siRNA-mediated silencing pathways. Both pathways are activated by the detection of long dsRNAs by the RNAi machinery. DsRNAs are processed by Dicer ribonucleases (Dcr) into siRNA duplexes that then bind to Argonaute (Ago) proteins. Together with the siRNA, Ago proteins form the core of RNAi effector complexes (RISC and RITS). One strand of the incorporated doublestranded siRNA is eliminated (the passenger strand) whereas the other strand (the guide strand) is used to recognize the target RNA. Perfect base-pairing between the guide strand and the target RNA allows the cleavage of the target. Thus, both PTGS and TGS pathways share a common set of mechanisms and enzymatic activities (highlighted by the central large arrow). Nonetheless, the silencing induced by both pathways shows major distinctions. In the post-transcriptional gene silencing (PTGS), siRNAs direct mRNA degradation in the cytoplasm with no epigenetic incidence, as they do not act directly on the transcription rate of the corresponding gene. On the contrary, siRNA-mediated transcriptional gene silencing (TGS) acts in the nucleus and comes with chromatin modifications that silence transcription and that can be maintained throughout mitosis and meiosis, thus maintaining silencing over multiple generations. Note that the PTGS pathway is illustrated with the generic names of protein and complexes, whereas for the TGS pathway the fission yeast names are mentioned. RISC, RNA-Induced Silencing Complex; RITS, RNA-Induced Transcriptional Silencing complex; Grey circles represent nucleosomes. study heterochromatin assembly (Allshire and Selker, 2007; Grewal and Moazed, 2003) . It possesses relatively large domains of constitutive heterochromatin present at pericentromeric and subtelomeric regions, as well as at the mating type interval, a genomic region with an important developmental function as it controls yeast cellular identity. Formation and propagation of heterochromatin at all these sites involve a set of histone-modifying enzymes, histone marks and histone-binding proteins, conserved in the great majority of eukaryotes. Histone-modifying enzymes include a member from all three classes of eukaryotic histone deacetylases (HDAC), Clr3, Clr6 and Sir2, and a histone methyltransferase, Clr4, the yeast counterpart of Drosophila melanogaster and mammalian SU(VAR)3-9. Clr4 catalyzes methylation of histone H3 lysine 9 (H3K9me), a histone mark essential for establishment and maintenance of heterochromatin assembly. It is believed that H3K9me serves as a docking site for chromodomain proteins such as Swi6 and Chp2, which are both homologues of the vertebrates heterochromatin proteins 1 (HP1). Another chromodomain protein, Chp1, also binds to H3K9me and is essential for heterochromatin formation. It has been proposed that, once bound to an H3K9me modified nucleosome, Swi6 recruits Clr4 and possibly other chromatin-modifying enzymes to initiate a new cycle of H3K9 methylation and histone-binding onto adjacent nucleosomes (Grewal and Jia, 2007; Grewal and Rice, 2004) . This Swi6-based recruitment mechanism might also be responsible for the observed epigenetic maintenance of heterochromatin through mitotic and meiotic divisions.
Role of RNAi in heterochromatin formation
Fission yeast presents the particularity to possess a "canonical" RNAi pathway ( Fig. 1) with little or no redundancy among the main actors. Key RNAi proteins such as Dcr1, a Dicer RNAse III enzyme that cleaves dsRNA into siRNAs, Ago1, a member of the Argonaute family of proteins that bind siRNAs, and Rdp1, a RNAdirected RNA polymerase, are all encoded by single copy genes. Experiments based on deletion of dcr1, ago1 and rdp1 genes have pointed to a direct role of RNAi in the formation of pericentromeric heterochromatin and thus in the function of centromeres in fission yeast (Volpe et al., 2003; Volpe et al., 2002) . Forward and reverse strands of pericentromeric DNA repeats are transcribed and the resulting non-coding RNAs accumulate in RNAi-deficient strains as the transcriptional silencing is relieved. On a mechanistic point of view, transcription from both strands of pericentromeric DNA was proposed to permit the formation of dsRNA that are processed into siRNAs by RNAi (Volpe et al., 2002) . The detection and cloning of siRNAs complementary to pericentromeric DNA support such possibility Reinhart and Bartel, 2002; Verdel et al., 2004) .
Besides centromeres, RNAi also participates in the formation of heterochromatin at the mating type interval and the subtelomeric regions. In fission yeast, these main heterochromatic regions share DNA sequences of several hundred nucleotides that are more than 96% identical (Wood et al., 2002) . Genetic manipulations consisting in integrating portions of the shared DNA sequences into euchromatic regions have demonstrated that these sequences are nucleation centers for RNAi-mediated heterochromatin formation, and thus suggested a broad implication of RNAi in heterochromatin formation in fission yeast Sadaie et al., 2004) . The RNAi proteins Ago1 and Rdp1 have been found associated with every major heterochromatic loci, by site-specific and genome-wide chromatin immunoprecipitation (ChIP) experiments, which confirmed the suspected wide-spread implication of RNAi in heterochromatin formation in fission yeast Noma et al., 2004; Sugiyama et al., 2005) .
Deletion of dcr1, ago1 or rdp1 does not disrupt heterochromatin formation and transcriptional silencing at the mating-type interval and telomeres Petrie et al., 2005) . This important distinction with centromeres is due to a pathway that acts in parallel of RNAi to form heterochromatin at these loci. At the mating-type domain, two transcription factors of the ATF/ CREB family, Atf1 and Pcr1, bind DNA consensus sequences present in the DNA element REIII (Jia et al., 2004a , Kim et al., 2004 . Inactivation of either RNAi or Atf1/Pcr1 transcription factors has no significant repercussion on mating-type heterochromatin maintenance, whereas combination of both mutations leads to a dramatic loss of heterochromatin (Jia et al., 2004a , Kim et al., 2004 . The exact mechanism by which Atf1 and Pcr1 mediate formation of heterochromatin is currently unknown but these transcription factors might actually directly recruit the heterochromatin formation machinery, as they both interact with Swi6 and Clr4 (Jia et al., 2004a , Kim et al., 2004 . Similarly at telomeres, Taz1 a protein that recognizes telomeric DNA repeats also nucleates heterochromatin formation in a RNAi-independent manner (Hansen et al., 2006; Kanoh et al., 2005) .
Is RNAi important for heterochromatin establishment, maintenance or both? In fission yeast, establishment of heterochromatin assembly can be studied after a complete erasure of heterochromatin marks provoked by the inactivation of clr4 gene or by the use of Trichostatin A (TSA), a potent inhibitor of class I and II HDACs. Reintroduction of clr4 or growth in a fresh medium without TSA leads to reformation of heterochromatin. In atf1 or pcr1 deficient strains, heterochromatin formation at the matingtype is efficiently reestablished in a RNAi-dependent manner Jia et al., 2004a) . Conversely, in dcr1, rdp1 and ago1 mutant strains, a moderate reestablishment of heterochromatin formation is also observed. Thus, RNAi and to a lesser extent Atf1/Pcr1 transcription factors, can separately establish heterochromatin formation.
At centromeres, RNAi is required for efficient maintenance of heterochromatin formation Verdel et al., 2004; Volpe et al., 2003; Volpe et al., 2002) . At the mating-type interval, RNAi is also required for maintenance of heterochromatin but only if either atf1 or pcr1 gene is inactivated Jia et al., 2004b ). An intriguing aspect that currently remains obscure is whether RNAi-dependent and -independent maintenance of heterochromatin structure call upon similar mechanisms. It might be that in the case of the RNAi-dependent pathway maintenance consists of a continuous reestablishment of heterochromatin formation, which would contrasts with the classical view of silent chromatin being a relatively static chromatin structure.
RITS and RDRC RNAi complexes
Purification and characterization of fission yeast RNAi complexes essential for heterochromatin assembly has provided important insights into the mechanisms of the fission yeast siRNA-dependent heterochromatin formation pathway. Early experiments indicated that the chromodomain protein Chp1 is essential for heterochromatin formation and acts early in this process (Partridge et al., 2002) . The following purification of Chp1 led to the identification of the first RNAi effector complex to be directly involved in chromatin modification, and known as the RNA Induced Transcriptional Silencing (RITS) complex Verdel and Moazed, 2005) .
RITS is formed of three proteins, Chp1, Ago1 and Tas3 , a protein that has been recently found to bridge Chp1 to Ago1 (Debeauchamp et al., 2008; Partridge et al., 2007) . RITS also contains siRNAs that bind Ago1 . Deletion of either chp1, tas3 or ago1 gene disrupts pericentromeric heterochromatin formation and relieves the transcriptional gene silencing of a reporter gene integrated in a heterochromatic region, indicating that RITS is required for heterochromatin formation and gene silencing at centromeres. In parallel, RITS has been found to associate with heterochromatin in a Dcr1-dependent manner by ChIP experiments, suggesting that siRNAs might direct RITS to specific chromatin regions. The facts that siRNAs are not critical for RITS formation or stability, and that RITSassociated siRNAs match heterochromatic DNA sequences have further strengthened a direct implication of siRNAs in targeting RITS to chromatin .
Rdp1 was initially found to associate with heterochromatin, suggesting that a RDR might be directly implicated in siRNAmediated heterochromatin formation in fission yeast (Volpe et al., 2002) . This was confirmed by the purification of Rdp1, which led to the identification of a second RNAi complex termed RNADirected RNA polymerase Complex (RDRC) (Motamedi et al., 2004) . RDRC is formed by the association of Rdp1 with Hrr1, a putative RNA helicase, and Cid12, a member of an atypical family of poly(A)-polymerase. Like RITS, every subunits of RDRC are critical for formation of heterochromatin at centromeres. Close analyses of Rdp1 mutants have demonstrated that Rdp1 is responsible for RDRC's in vitro RNA-directed RNA polymerase activity, and that in vivo this RDR activity is necessary for RNAidependent heterochromatin assembly (Motamedi et al., 2004; Sugiyama et al., 2005) . Importantly, an interaction between RDRC and RITS was uncovered by a combination of mass spectrometry analyses on purified RDRC and coimmunoprecipitation experiments. This physical connection between RITS and RDRC has greatly helped to figure out the role and position of RDRC in the siRNA-dependent heterochromatin formation pathway (Motamedi et al., 2004) . RITS-RDRC interaction requires the H3K9me methyltransferase Clr4, which implies that RITS and RDRC are likely to bind each other only in a heterochromatic environment. Furthermore, and quite unexpectedly, inactivation of any subunit of RDRC has been correlated to no more detection of siRNAs incorporated into RITS, indicating that RDRC might act early in the siRNA-dependent heterochromatin formation pathway.
The RNA platform model and the transcription within heterochromatin
The initial characterization of RITS revealed that siRNAs are likely to guide RITS to homologous chromatin regions . Two models were then postulated for RITS siRNAdependent recruitment to chromatin Verdel and Moazed, 2005) (Fig. 2) . In the first model, a RITS-associated siRNA base-pairs directly with one strand of the targeted DNA double helix. In the second model, RITS' siRNA interacts with a complementary RNA bound to chromatin. RNA immunoprecipitation (RIP) experiments established that RITS and RDRC interact with centromeric RNAs in vivo, and that for both complexes their interaction with RNA requires Clr4 and Dcr1. Thus, RITS and RDRC association with centromeric RNAs is likely to occur in the close periphery of chromatin and to require siRNAs (Motamedi et al., 2004) . These results have favored the second model and led to the proposal that a nascent RNA being produced at the site of heterochromatin formation serves as a platform to recruit, through a siRNA-RNA base-pairing mechanism, RITS and RDRC to chromatin (Motamedi et al., 2004) (Figures 2 and 3) .
The RNA platform model has been tested in vivo. This was achieved with a recombinant strain expressing the RITS subunit Tas3 fused to λN, a peptide that specifically binds to the RNA motif BoxB Buhler et al., 2006) . In parallel, the DNA sequence encoding the BoxB RNA motif was integrated at the 3' end of ura4 gene to produce a hybrid mRNA, Ura4-BoxB. In a wild type strain, ura4 is a euchromatic gene to which RITS does not bind. However, in the recombinant strain, RITS-λN gets recruited to ura4-BoxB gene in a transcription dependent-manner. Thus, the designed RNA-based tethering system has validated the hypothesis that RITS can associate with chromatin just by first binding to a nascent transcript. This system has also revealed that RITS tethering to ura4-BoxB gene triggers deposition of H3K9me and Swi6 heterochromatin marks, and the transcriptional silencing of ura4-BoxB gene. Therefore, the recruitment of RITS to chromatin appears to be sufficient to initiate heterochromatin formation and TGS.
Genetic screens designed to identify new proteins acting in heterochromatin formation have unveiled a role for RNApII in siRNA-dependent heterochromatin formation. Two point mutations in Rpb2 and Rpb7 subunits of RNApII have been found to disrupt heterochromatin formation (Djupedal et al., 2005; Kato et al., 2005) . Genome-wide transcriptomic analyses have indicated that the global expression profile of protein-coding genes does not significantly change in the RNApII mutants, suggesting that disruption of heterochromatin is probably not caused by an indirect effect. Furthermore, as in Rpb2 and Rpb7 point mutants strains RNApII associates to the same extent with centromeric repeats, it is not RNApII recruitment to the site of heterochromatin formation that is perturbed in these mutants. Closer analyses of Rpb7 point mutant strains have pointed out that it is the elongation step of centromeric transcription that is impaired, which is in agreement with the RNA platform model (Djupedal et al., 2005) . Interestingly, investigations on Rpb2 mutant have also indicated that RNApII itself might be directly involved in siRNA-mediated heterochromatin formation, as although heterochromatin is impaired in this mutant strain the process of pericentromeric DNA repeats transcription remains normal (Kato et al., 2005) . The findings that Ago1 interacts with RNApII Carboxy-terminal domain (CTD), and that partial deletion of the CTD disrupts centromeric heterochromatin formation supports such a role of RNApII (Schramke et al., 2005) .
More recently, transcription and formation of heterochromatin at pericentromeric repeats were found to be cell cycle regulated (Chen et al., 2008; Kloc et al., 2008) . A temporal succession of changes has been observed. During mitosis and G1 phases, serine 10 of histone H3 is phosphorylated and the condensing subunit Cut3 gets recruited to pericentromeric repeats, coinciden-tally Swi6 association to chromatin is nearly completely lost. In S phase, just before pericentromeric RNAs accumulate, the enrichment for Cut3 drops. Ago1 and Rik1, a component of Clr4 complex (Hong et al., 2005; Horn et al., 2005; Jia et al., 2004a then bind pericentromeric DNA before the association of Swi6 and H3K9me marks increases again. Based on the sequential nature of these events, it has been proposed that transcription of centromeres enables the recruitment of complexes, like RITS and the Clr4 complex, which would in turn facilitate heterochromatin formation in a cell cycle dependent fashion (Chen et al., 2008; Kloc et al., 2008; Zhang et al., 2008) . Thus, a boost of transcription at each cell cycle might be an important step for the efficient epigenetic maintenance of siRNA-mediated heterochromatin formation. Further investigations shall indicate if this is indeed the case.
Association of RITS with chromosomes
RITS is so far the unique example of an Argonaute-containing complex directly acting on genomic DNA . Detailed examinations of RITS recruitment to chromatin have begun to dissect the underlying mechanisms responsible for its binding to chromatin. As described above, a siRNA-nascent RNA base-pairing mechanism can play a central role in recruiting RITS to chromatin (Motamedi et al., 2004; Verdel and Moazed, 2005) . However, RITS recruitment to chromatin also necessitates a chromodomain present on RITS subunit Chp1, which interacts with H3K9me2 in vitro (Partridge et al., 2007; Partridge et al., 2002) (Fig. 2) . The fact that RITS turns out to be devoid of siRNAs in a ∆clr4 strain, or when Chp1 chromodomain is inactivated, points to a strong interdependency between the Ago1-bound siRNA and the chromodomain, a situation that complicates the study of their respective role (Motamedi et al., 2004; Noma et al., 2004) . Nonetheless, recent studies have highlighted important features of these two RITS chromatin-binding modules (Debeauchamp et al., 2008; Partridge et al., 2007) . RITS subunit Tas3 interacts with Ago1 through a motif formed by the repetition of WG/GW amino acids (Partridge et al., 2007) . Point mutations in Tas3 WG/GW motif leads to a loss of binding between Chp1-Tas3 dimer and Ago1, and thereby separate the complex chromatin-binding modules. It turns out that Ago1 binding to Chp1-Tas3 is not necessary for their respective association with heterochromatin. However, when no H3K9me heterochromatin mark is present, as for establishment of heterochromatin formation, Ago1 and Chp1-Tas3 need to physically interact to bind chromatin. The observation that, under certain circumstances, RITS can trigger de novo heterochromatin formation in trans (i.e, at a distant homologous genomic site) provides a possible explanation for the difference in binding properties of Ago1 and Chp1-Tas3 in accordance with the chromatin state (Buhler et al., 2006) . Experiments done with the RITS-λN/ura4-BoxB tethering system previously described, have shown that ura4-BoxB silencing comes with the production of ura4 siRNAs. Importantly, in an eri1 deficient strain, RITS can now trigger heterochromatin formation at a second homologous ura4 locus (Buhler et al., 2006) . The eri1 gene encodes a ribonuclease believed to be a negative regulator of RNAi by degrading siRNAs (Iida et al., 2006) . Thus, it seems that RITS has the potential to form heterochromatin in trans but that such mechanism is limited by eri1 in wild type strain. Although further investigations are required to understand the mechanism of this cis-restriction, the existence of a cellular condition under which RITS mediates heterochromatin formation in trans clearly supports the idea that a RITS-associated siRNA can be sufficient to guide RITS to chromatin. The close interplay between the Ago1-bound siRNA and the Chp1 chromodomain might be to actually stabilize RITS binding to chromatin by its anchorage to H3K9me. If this mechanism is correct, then RITS targeting to chromatin must be closely followed by Clr4 recruitment to methylate H3K9 and enable RITS to efficiently associate with chromatin. The recent finding that Clr4 interacts with RITS and the observation that RITS cell cycle association to centromeric heterochro- Fig. 2 . Recruitment of the fission yeast RNAi effector complex RITS to chromatin. Two models have been proposed for the siRNA-driven binding of RITS to chromatin. RITS is formed by the association of three proteins Chp1, Ago1 and Tas3, with a siRNA (small blue line), bound to Ago1. The first model (A) proposes a base-pairing between a siRNA incorporated into RITS and a complementary strand of DNA. This model implies the necessity to unwind the DNA double-helix to allow interaction. In the second model (B) a RITS-associated siRNA base-pairs with a complementary nascent transcript. Several evidences strongly support the siRNA-Nascent transcript model (see text for more details). (C) In addition to the Ago1-bound siRNA, RITS possess a second chromatintargeting module, which is a chromodomain present at the N-terminus of Chp1 (little white circle). This chromodomain binds specifically to the heterochromatin mark H3K9me (small red lollipop shape). RITS stable binding to chromatin necessitates a close interplay between these two targeting modules. See text for further details.
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A matin might be closely linked to Clr4 complex recruitment favor such mechanism (Chen et al., 2008; Zhang et al., 2008) . However, further investigations are needed to fully validate this hypothetical mechanism.
Association of other RNAi proteins with chromosomes
Rdp1 and Hrr1 association with heterochromatin (Motamedi et al., 2004; Sugiyama et al., 2005) and RDRC interaction with centromeric RNAs in a Clr4-and Dcr1-dependent manner, have led to the proposal that RDRC synthesizes dsRNA at sites of siRNA-dependent heterochromatin formation (Motamedi et al., 2004) . It has also been proposed that RITS serves as a priming complex to recruit RDRC onto nascent transcripts emanating from heterochromatic regions. In parallel, recent investigations suggest that Dcr1 might also act on chromatin or at its close proximity. Dcr1 interacts with both RDRC and RITS, and Dcr1-RDRC interaction greatly stimulates Rdp1's RDR activity in vitro, indicating that Dcr1 interaction with RDRC might occur on chromatin to enable the local production of siRNAs during heterochromatin formation (Colmenares et al., 2007) . Taken together, these results suggest that it is actually the core machinery of RNAi, formed by RITS, RDRC and Dcr1, that localizes to heterochromatin formation nucleation centers.
RNA processing and heterochromatic gene silencing
Assembly of heterochromatin at a given genomic site comes with a heritable silencing of transcription, which has been well illustrated by the silencing of reporter genes integrated into, or juxtaposed to, heterochromatic regions, a phenomenon known as position effect variegation (PEV) (Allshire and Selker, 2007) . Heterochromatic transcriptional gene silencing is believed to result from a compaction of chromatin, which lowers accessibility to DNA binding complexes such as RNApII. In fission yeast, SHREC (SNF2-and Histone deacetylase-containing REpressor Complex) is a complex believed to silence transcription by diminishing RNApII occupancy in heterochromatic regions, thanks to its potential chromatin remodeling activity (Sugiyama et al., 2007) (Fig. 3) . However, RNApII occupancy does not always drop with the formation of heterochromatin, and, interestingly, in such cases a robust heterochromatin silencing is still observed, suggesting that other mechanisms than chromatin compaction might contribute to heterochromatic gene silencing (Buhler et al., 2006) .
Recent studies have revealed that, in parallel to the classical DNA restriction process, active degradation of RNA might be part of the mechanism that silence transcription occurring in heterochromatic regions. The two main ribonuclease activities associated with siRNA-mediated silencing, "dicing" and "slicing", seem to both contribute to heterochromatic gene silencing (Fig. 3) . Fission yeast Ago1 is endowed with a slicing activity that in vitro cleaves a target RNA when its Ago1-bound siRNA perfectly basepairs with it Irvine et al., 2006) . Point mutations in Ago1 that destroy its slicing activity lead to defects in heterochromatic silencing at centromeres, suggesting that in vivo Ago1 slices heterochromatic RNAs and thereby contributes to transcriptional gene silencing Irvine et al., 2006) . Although this is likely to be the case, it should be pointed out that Ago1 slicer is also required to eliminate the passenger strand after incorporation of the duplex siRNA into RITS . As elimination of the passenger-strand is a step upstream of the siRNA-based target RNA cleavage, inefficient elimination of the passenger strand could also impair heterochromatic silencing. Further experiments are therefore needed to determine the exact contribution of both slicer-dependent steps in heterochromatic gene silencing.
In parallel to RNAi, another RNA degradation process, requiring the protein Cid14, which belongs to an atypical class of polyA polymerases (like Cid12 a subunit of RDRC), and Dis3 the main exosome ribonuclease, has also been found implicated in transcriptional silencing of all major heterochromatic sites in fission yeast Murakami et al., 2007; Wang et al., 2008) . In a cid14 deficient strain, heterochromatic silencing at centromeres is relieved and the level of centromeric siRNAs dramatically reduces. Surprisingly, the enrichment of H3K9me and Swi6 heterochromatic marks stays unchanged. Altogether, these results indicate that an RNA processing mechanism mediated by the exosome can contribute significantly to the heterochromatic gene silencing. The fact that a large fraction of the produced centromeric siRNAs appears not necessary for deposition of heterochromatic marks further indicates that most siRNAs might not have a function in heterochromatin formation perse Colmenares et al., 2007) . The majority of siRNAs might rather be end products of a heterochromatic gene silencing mechanism based on Dcr1-dependent processing of double-stranded heterochromatic RNAs (Fig. 3) .
RNA-directed DNA Methylation (RdDM) in plants
Plants are the other organisms where a siRNA-mediated chromatin modification pathway, termed RNA-directed DNA methylation (RdDM), is being extensively studied. In this section, we describe the main actors, mechanisms and roles of RdDM. Beyond DNA (Cytosine 5) methylation, which does not exist in fission yeast, important similarities between the two pathways can be pointed out, supporting the idea that a body of proteins and mechanisms is conserved between fission yeast and plants siRNA-dependent chromatin modification pathways. Further details on the proteins and mechanisms acting in the RdDM pathway and on the genomic targets of this pathway have been described in several excellent reviews (for example, see Chan et al., 2005; Matzke et al., 2007; Slotkin and Martienssen, 2007) .
The components
RdDM was first observed in tobacco plants infected with pathogen circular RNA molecules known as viroids. Under viroid infection, when the pathogen RNA molecules replicate, DNA of homologous genomic sequences becomes methylated (Wassenegger et al., 1994) . In a subsequent investigation also conducted in tobacco, the constitutive expression of a dsRNA matching a genomic promoter sequence was shown to result in de novo DNA methylation and transcriptional silencing of the targeted promoter (Mette et al., 2000) . Importantly, the observed de novo DNA methylation and silencing come with the production of siRNAs matching the promoter sequence, which provided a first indication that siRNA-dependent mechanisms are acting in RdDM (Matzke et al., 2004; Mette et al., 2000) .
DNA methylation is present throughout A. thaliana genome but concentrates largely on dispersed repeat sequences and centromeric regions where multiple DNA repeats accumulate (Chan et al., 2005; Zhang et al., 2006; Zilberman et al., 2007) . In A. thaliana cytosine methylation can be symmetrical when it occurs on CG and CNG (N denotes any nucleotide) or asymmetrical when it takes place on CHH (H denotes A, T, or C) (Chan et al., 2005) . Maintenance of CG methylation is carried out by MET1, which is the plant counterpart of the mammalian Dnmt1. In parallel, most CNG and CHH methylations are maintained by DRM2, which is homologous to the Dnmt3 type methyltransferases in mammals, and by CMT3, a plant specific DNA methyltransferase. On the contrary, de novo methylation in all nucleotide contexts (CG, CNG and CHH) is catalyzed mostly by only one DNA methyltransferase, DRM2.
Forward and reverse genetic screens have uncovered major components of the RdDM pathway in A. thaliana (Baulcombe, 2004; Lippman and Martienssen, 2004; Matzke et al., 2004) (Fig.  4A) . Among the identified proteins figure not surprisingly, the DNA methyltransferase DRM2, but also an Argonaute protein, AGO4, a dicer protein, DCL3, a RNA-directed RNA polymerase, RDR2, a histone deacetylase, HDA6, a histone methyltransferase SUVH4/ KYP, which is homologous to fission yeast Clr4, a member of the ATP-dependent chromatin remodeling superfamily, DRD1, and a plant specific and putative DNA-directed RNA polymerase, PolIV. According to the identity of these proteins, it turns out that fission yeast and plant siRNA-directed chromatin modification pathways have in common a wide set of RNAi proteins, chromatin-modifying proteins and their associated enzymatic activities (Fig. 4A) . A. thaliana possesses 10 predicted Argonaute genes. Not surprisingly, a partial redundancy between Argonaute proteins has been observed in RdDM. Indeed, AGO6 was found to act in parallel to, or overlap with, AGO4 to guide DNA methylation and transcriptional gene silencing (Zheng et al., 2007) . As more than half of A. thaliana Argonaute proteins have not been studied in detail, it is quite possible that more AGO proteins with a role in RdDM will be identified.
The RNA polymerase IV, PolIV, exists in two forms, PolIVa and PolIVb, which have apparent distinct functions in RdDM. PolIVa seems involved in generating siRNAs whereas PolIVb would act more downstream at the DNA methylation step (El-Shami et al., 2007; Henderson and Jacobsen, 2007; Li et al., 2006; Pontier et al., 2005) . Conversely to PolIVb, PolIVa does not possess an extended CTD repeat (El-Shami et al., 2007) . Interestingly, like fission yeast Ago1, which interacts with RNApII through its CTD, AGO4 associates with the CTD of PolIVb (ElShami et al., 2007) . PolIVb interaction with AGO4 is essential for RdDM, suggesting that PolIVb and AGO4 tightly cooperates in siRNA-directed de novo DNA methylation (El-Shami et al., 2007) .
The pathway
The sequence of events starting from the activation of the pathway and leading to DNA methylation has been partially revealed by cytological studies investigating on the subcellular location of RdDM components in different genetic backgrounds Pontes et al., 2006) . It has been proposed that RDR2 and/or PolIVa recognize aberrant RNAs, and convert them into dsRNAs that are then digested by DCL3 to produce siRNAs, which are loaded onto AGO4 proteins. An AGO4 protein bound to a siRNA may form a complex with PolIVb and DRM2 to guide DNA methylation and H3K9 methylation at the target genomic region (Henderson and Jacobsen, 2007) (Fig. 4A) . Part of the RdDM actors have been found in nuclear processing centers that colocalize partially with the nucleolus Li et al., 2006; Pontes et al., 2006) . Other genetics investigations have suggested that DRD1 acts together with AGO4 to enable DRM2 to access the target DNA to carry out de novo DNA methylation Fig. 3 . Model of fission yeast siRNA-dependent heterochromatin formation and heterochromatic gene silencing. SiRNA-dependent heterochromatin formation is initiated by the production of dsRNA, which is cleaved by Dcr1 into siRNAs and incorporated onto RITS. Transcription by RNApII allows RITS to be recruited to chromatin thanks to a siRNA-Nascent RNA base-pairing. In parallel, RITS interaction with H3K9me (red lollipop) stabilizes its binding to chromatin. RITS is believed to bring RDRC to the nascent transcript to synthesize dsRNA in cis (i.e, at the site of RNAi-dependent heterochromatin formation). This dsRNA synthesis would initiate a local positive feedback loop between the production of siRNAs and the modification of chromatin, which encompasses methylation of histone H3 lysine 9 (H3K9me). Four possible mechanisms of heterochromatic transcriptional gene silencing are highlighted. Heterochromatin formation is thought to impose a chromatin remodeling that restricts access to DNA to RNApII (1). More recently, the two main enzymatic activities of the siRNA pathways, "dicing" (2), catalyzed by Dcr1, and "slicing" (3), catalyzed by Ago1 (illustrated by a black zig-zag arrow) have been proposed to degrade transcripts emanating from heterochromatin. Finally, an exosome-and Cid14-dependent RNA degradation (black thick lane shaped as a lightening) can also degrade heterochromatic RNAs (4). Note that Ago1 slicing is also required for elimination of the passenger strand, a step upstream of the siRNA-directed cleavage of the nascent transcript. (Huettel et al., 2006; Huettel et al., 2007) .
Mechanisms of siRNA-directed target recognition
Currently, it is not known whether AGO4-associated siRNA base-pairs with a nascent transcript, like in fission yeast, or directly with DNA. Early experiments analyzing the pattern of de novo DNA methylation have indicated that it is mainly restricted to the region of homology between the RNA trigger and the genomic target, which is more in favor of a RNA-DNA interaction (Pelissier and Wassenegger, 2000) . On the opposite, more recent experiments have revealed that AGO4 possesses a slicer activity and that AGO4 slicing is required for a subset of RdDM targets, supporting the idea that, like in fission yeast, plant siRNA-driven chromatin modifications might go through a siRNA-nascent RNA type of interaction (Qi et al., 2006) . The fact that not all genomic targets of RdDM are sensitive to AGO4 slicing activity might reflect the existence of both siRNA-RNA and siRNA-DNA basepairing mechanisms. Alternatively, at some of the genomic loci other Argonaute proteins may act in parallel to AGO4. Further investigations are therefore needed to uncover the molecular mechanism(s) by which a siRNA guides de novo methylation in plants.
Regulation of centromeres, repetitive elements and proteincoding genes
Centromeres in plants contain thousands tandem copies of short satellite repeats as well as many retrotransposons. In A.
thaliana, these repeated elements are transcribed, and their corresponding RNAs localize in the nucleus where they are processed in a RNAi-dependent fashion to give rise to siRNAs (May et al., 2005) . A direct implication of RdDM at centromeric repeats is also supported by the facts that centromeric siRNAs are lost in dcl3 and rdr2 mutants, while centromeric RNAs accumulate concomitantly. Moreover, an important fraction of AGO4-bound siRNAs match pericentromeric regions (Qi et al., 2006) . The heterochromatin mark H3K9me2 present in these regions is, however, not lost in dcl3 and rdr2 mutants, indicating that one or more mechanisms contribute to establish and/or maintain heterochromatin at centromeres independently of RdDM. Thus, this situation might be reminiscent of fission yeast siRNA-dependent heterochromatin formation at the mating-type locus where a redundant pathway maintains heterochromatin formation in a RNAi-independent manner .
The high-throughput sequencing of siRNAs associated with AGO4 has revealed that a large fraction matches transposons and other repetitive elements catalogued in A. thaliana (Qi et al., 2006) , pointing out that most transposons might be targeted by RdDM. However, for most transposons, their transcription silencing and DNA methylation do not require RdDM components and rather depend on the DNA methyltransferase MET1 and the chromatin remodeling protein DDM1 (Slotkin and Martienssen, 2007) . The A. thaliana FWA gene is a well-studied example of a developmental gene targeted and regulated by DNA methylation. FWA protein is a homeodomain-containing transcription factor One form of RNA polymerase IV, POLIVa, gets recruited to a target genomic site (for example a transposon or DNA tandem repeats), through an unknown mechanism. Once recruited, POLIVa synthesizes a single-stranded RNA (ssRNA). RDR2 uses this ssRNA as a template to synthesize a dsRNA that is then processed by DCL3 into siRNAs that bind AGO4 proteins. SiRNAs-bound to AGO4 proteins together with POLIVb, the second form of POLIV that interacts with AGO4, initiate in a sequence-specific manner de novo DNA methylation, histone methylation as well as a probable ATP-dependent chromatin remodeling. Given that at some RdDM targeted loci, siRNAs are not detected in absence of the de novo cytosine methyltransferase DRM2, it is possible that a positive feedback loop (like in fission yeast) is required for efficient siRNA-dependent de novo methylation and gene silencing. (B) Model for the siRNA-directed TGS observed in mammalian cell lines. Transfection of synthetic siRNAs or production of exogenous siRNAs (from vectors that produce small RNA hairpins that are then processed into siRNAs by a Dicer proteins) silence endogenous genes when the siRNAs target their promoter. Presumably, a low level of RNApII transcription in the targeted promoter provides a RNA template onto which the siRNA-Ago complexes bind. In addition to Ago1, Ago2 and their common partner TRBP2, the DNA methyltransferase (homologous to the A. thalina DRM2) and the Polycomb group histone methyltransferase EZH2 would also be recruited to the targeted promoter. The siRNA-directed gene silencing comes with de novo DNA methylation and/or repressive histone H3 methylation on lysine 9 and 27. Yellow diamond flags represent cytosine methylation.
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which expression is subjected to imprinting as it is solely expressed from its maternal gene, in the central cell and the endosperm tissue. A tandem repeat present in FWA promoter appears to attract DNA methylation and to be necessary for its imprinting. Introduction in the genome of extra copies of FWA by Agrobacterium tumefaciens transformation has been found to trigger their DNA methylation presumably through the RdDM pathway as DCL3, AGO4, RDR2 and PolIV are all required for methylation of FWA extracopies . Intriguingly, efficient de novo methylation of FWA transgenic copies requires the endogenous FWA gene to be methylated . The level of FWA siRNAs appears to be unchanged whether the FWA gene is or is not methylated, indicating that the siRNAs are not sufficient to establish FWA DNA methylation. Similarly to fission yeast siRNA-mediated heterochromatin formation pathway, this might indicate that a co-occurrence of chromatin modification and siRNA production is needed for efficient siRNAdirected DNA methylation. A case of RdDM potentially triggered by antisense transcription has been recently reported at the FLC (Flowering Locus C) gene. FLC is a key negative regulator of flowering gene that belongs to the MADS box gene family of transcription factors with critical roles in the progression of multiple cellular differentiation processes. The FLC gene expression is maintained at a low level in early flowering A. thaliana by Polycomb group silencing proteins. A transposon present in an intron of FLC gene is believed to nucleate formation of silent chromatin by attracting DNA and H3K9 methylation (Liu et al., 2004) . More recently, siRNAs matching the 3' end of FLC gene have been detected and their accumulation requires DCL3, RDR2 and PolIVa (Swiezwesky et al., 2007) . Interestingly, the production of siRNAs does not seem to depend on the nearby transposon located in the 5' part of the gene, but rather on antisense transcription of FLC 3' UTR. The origin of this antisense transcription is not yet clear but this transcription might represent a new mean to trigger RdDM, which works independently of a repeated DNA sequence.
SiRNA-based chromatin modifications in animals
SiRNA-directed transcriptional gene silencing (TGS)
Synthetic siRNAs delivered into mammalian cell lines by transfection are commonly used to silence the expression of a given protein by cytoplasmic RNAi. However, under certain conditions that are not yet completely clear, some siRNAs can act directly on chromosomes and trigger TGS. The first example of a siRNAdirected TGS came from siRNAs targeting a recombinant DNA construction integrated in the genome and formed by the fusion of Elongation Factor 1 alpha (EF1a) promoter to the Green Fluorescence Protein (GFP) coding sequence (Morris et al., 2004) . The observed gene silencing correlates with a targeted deposition of cytosine methylation at the EF1a promoter and of H3K9me2. Run-ON experiments have shown that the silencing occurs at the transcriptional level. Noticeably, when a siRNA matching the GFP coding sequence is used, neither silencing nor appearance of repressive chromatin modifications is observed, indicating that siRNAs must target the promoter to trigger TGS, which is reminiscent of plant RdDM. TGS triggered by transfection of synthetic siRNAs has since been observed at several endogenous genes (Janowski et al., 2006; Kim et al., 2006; Ting et al., 2005; Weinberg et al., 2006; Zhang et al., 2005) and similar results have also been reported with vectors that constitutively express shorthairpin RNAs matching a given promoter sequence (Castanotto et al., 2005; Kim et al., 2007; Pulukuri and Rao, 2007) .
In a follow-up study using the same "EF1a-GFP" system, it was found through the use of α-amanatin, a molecule that inhibits specifically RNApII, that RNApII transcription is likely to be required for TGS as the deposition of the H3K9me2 mark at the targeted site depends on RNApII activity (Weinberg et al., 2006) . In parallel, the DNA methyltransferase DNMT3a, which mediates de novo DNA methylation and is homologous to A.thaliana DRM2, is recruited to the EF1a promoter in a siRNA-dependent fashion. It has been proposed that siRNAs base-pair with a nascent RNA emanating from the targeted promoter. This model is based on the recent finding that EF1a gene produces a low level of EF1a specific mRNAs with an extended 5' UTR that covers part of EF1a promoter. A targeted blockade of this extended mRNA inhibits siRNA-directed TGS against EF1a, indicating that production of a nascent transcript in the targeted promoter is likely to be necessary for siRNA-directed TGS (Han et al., 2007) .
By a candidate approach, it has been found that Ago1 associates with both human immunodeficiency virus-1 coreceptor CCR5 and tumor suppressor RASSF1A promoters, only when they are subjected to synthetic siRNA-directed silencing (Kim et al., 2006) (Fig. 4B) . Ago1 is likely to be necessary for siRNAdirected TGS as Ago1 knockdown results in the loss of H3K9me2 enrichment that comes with the silencing of the targeted promoters. Additionally, Ago2 and TRBP2, which binds both Ago1 and Ago2, are recruited to siRNA-targeted promoters (Janowski et al., 2006; Kim et al., 2006) . The post-translational mark H3K27me3, which like H3K9me2 associates with silent chromatin imposed by Polycomb Group (PcG) proteins, is also present at the silenced promoter, suggesting that PcG proteins might be implicated in siRNA-directed TGS. The Polycomb protein and histone methyltransferase EZH2, which catalyses the H3K27me3 mark, also associates with the silenced promoter, further supporting a connection between siRNA-directed TGS and PcG proteins. Interestingly, Ago1 colocalizes with EZH2 and H3K27me3 onto the MYT gene, a natural PcG target gene, suggesting that Ago1 bound to endogenous siRNAs might participate in natural PcGdependent silencing. But, although these data indicate that a synthetic siRNA can under certain circumstances trigger siRNAdirected TGS, more investigations are needed especially to establish if a natural siRNA-dependent pathway imposes a regulated TGS in animals, like in fission yeast and plants.
Centromeres and transposable elements
As in fission yeast, and possibly in plants, siRNA-mediated heterochromatin formation at centromeres might occur in vertebrates. Experiments based on permeabilization and RNAse treatments of mammalian cell lines have found that HP1-α localization to centromeres depends on a RNA (Maison et al., 2002) . Mouse pericentromeric repeats are transcribed and their transcription might be regulated during cell cycle, like in fission yeast (Lu and Gilbert, 2007) . This transcription regulation is likely to be important for centromere function as forced overexpression of centromeric RNAs leeds to defects in centromere architecture, chromosome segregation and sister-chromatid cohesion (BouzinbaSegard et al., 2006) . Several investigations have examined the possible implication of a siRNA-dependent pathway in the formation of heterochromatin and transcriptional silencing at centromeres. Inactivation of Dicer, by knockout or knockdown, has suggested that siRNAmediated heterochromatin formation might take place in vertebrates. In chicken cell lines containing a human chromosome 21, the inducible loss of Dicer expression has been correlated to loss of heterochromatin, accumulation of α-satellite RNAs and chromosome defects (Fukagawa et al., 2004) . Similarly, in mouse embryonic stem cells conditional knockouts of Dicer lead to an accumulation of RNAs from minor and major satellite centromeric repeats, and a more or less reduction of H3K9 di-and tri-methylated levels at these repeats (Kanellopoulou et al., 2005; Murchison et al., 2005) . In flies, increased defects in the assembly of functional centromeres are associated with mutations in Ago2 and dFMR1 (Deshpande et al., 2005; Deshpande et al., 2006) , a protein that interacts with Ago2 (Ishizuka et al., 2002) . Nonetheless, like in plants, no direct connection has been made so far between a siRNA-dependent pathway and formation of centromeric heterochromatin.
In parallel, a role for siRNAs in the regulation of transposable elements is becoming evident. In mouse embryos, knockdown of Dicer by injection of dsRNA correlates with an accumulation of L1 transposon RNAs, suggesting that they might be regulated by a siRNA-dependent process (Svoboda et al., 2004) . Similar results have been obtained from mouse investigations done with Dicer-/-ES cells (Kanellopoulou et al., 2005) . Retrotransposition assays conducted in cell lines have further indicated that partial inactivation of Dicer by knockdown leads to an increase in L1 retransposition (Yang and Kazazian, 2006) . Recently, highthroughput sequencing of small RNAs has revealed that a large fraction of endogenous siRNAs in flies and mammals match transposons and other repetitive sequences (Czech et al., 2008; Ghildiyal et al., 2008; Okamura et al., 2008; Tam et al., 2008; Watanabe et al., 2008) . However, it remains to be determined if these transposon-derived siRNAs can mediate siRNA-dependent chromatin modifications. The facts that mammalian L1 retrotransposon transcripts are confined to the nucleus (Swergold, 1990) and that DNA methylation suppresses L1 transposition (Yu et al., 2001 ) might be indications of a siRNA-directed epigenetic regulation of transposon mobility occurring in animals, like in plants.
Summary and perspective
Ongoing investigations on endogenous siRNA-mediated chromatin modification pathways are dissecting their underlying mode of action and are beginning to reveal their function. A common body of RNAi-and chromatin-linked proteins appears conserved between fission yeast and plants. In these organisms, siRNAs can guide Argonaute proteins and other proteins to chromatin. Once on chromatin, the proteins directly or indirectly induce a local modification of chromatin structure and function. In fission yeast, transcription of heterochromatic DNA by RNApII produces nascent transcripts, which are believed to serve as RNA platforms to recruit RNAi complexes such as RITS and RDRC. The putative RNApIV might exert the same function in A. thaliana. The additional physical connections uncovered between Argonaute proteins and RNApII or RNApIV further support a central implication of RNA polymerases in siRNA-mediated chromatin modifications. In parallel, the recent deep sequencing analyses of small RNAs are pointing to the existence of endogenous siRNA-mediated silencing pathways in flies and mammals. Interestingly, other investigations suggest that, like in fission yeast and A. thaliana, siRNA-mediated silencing can involve chromatin modifications in mammals. Furthermore, preliminary experiments indicate that the central role of transcription in siRNA-mediated chromatin modifications may also be conserved in mammals.
It should be pointed out that although common proteins, mechanisms and functions appear to be shared between siRNAmediated epigenetic silencing pathways certain aspects of these pathways turn out to be species specific. SiRNA-directed DNA methylation observed in plants and mammalian cells does not occur in fission yeast, which lacks genes encoding a functional DNA methyltransferase. In fission yeast, a positive-feedback loop couples siRNA production to chromatin modifications and involves an RNA-directed RNA polymerase. The same interdependency might be true for RNA-directed DNA methylation in plants.
In flies and vertebrates, if this interdependency is conserved, it must involve other mechanisms, as RNAi-related RDR polymerases are not expressed.
SiRNA-mediated epigenetic silencing pathways might be actually acting in a large range of eukaryotes. For example, genetic studies in C. elegans have revealed the implication of Dicer, RDR and Argonaute homologues in transcriptional silencing linked to the integration of ectopic DNA in the worm genome (Grishok et al., 2005; Kim et al., 2005; Robert et al., 2005) . A process occurring in Neurospora crassa and known as meiotic silencing by unpaired DNA (MSUD) might also involve a siRNA-dependent epigenetic silencing pathway (Shiu et al., 2006) . In addition, in Tetrahymena termophila, a RNAi-related pathway requiring a Dicer protein is involved in a massive and programmed elimination of genomic DNA (Yao and Chao, 2005) . Intriguingly, an Argonaute protein from the Piwi clade is also required for this programmed genomic rearrangement (Malone et al., 2005) . Thus, it is not yet clear whether this RNAi-based DNA elimination is mediated by siRNAs and/or piRNAs. Similarly, several investigations in flies have reported a link between RNAi and heterochromatin formation (Pal-Bhadra et al., 2004; Riddle et al., 2008) . However, it remains to be determined whether the chromatin silencing is mediated by siRNAs, as Piwi proteins are required for this silencing process.
Finally, a common aspect between all known or potential siRNA-mediated epigenetic silencing pathways is the repetitive nature of their DNA targets. These pathways might have evolved from the struggle to maintain a viable level of genomic stability by minimizing genomic rearrangements associated with repetitive DNA. Interestingly, in certain cases DNA repeats appear to have acquired an important biological function. For example, in fission yeast pericentromeric repeats are essential for proper chromosome segregation by initiating siRNA-dependent heterochromatin formation. In plants, some repeats can impact on the development of the organism by nucleating siRNA-mediated assembly of silent chromatin over surrounding protein-coding genes. These latter features may actually be conserved in a wide range of eukaryotes. Ongoing and future investigations will certainly reveal more exciting insights in the extent of mechanisms and functions shared by siRNA-mediated epigenetic silencing pathways across the eukaryotic kingdom.
Note: Since the submission of this review, several reports have described the purification and characterization of PolIVa and PolIVb; a recent review by Matzke et al. summarizes these last findings (Matzke et al. 2009 ). Moreover, PolIVa and PolIVb polymerases have been renamed Pol IV and Pol V, respectively.
